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AIR MASS EFFECTS ON THE CASSINI HIGH GAIN ANTENNA
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ABSTRACT, The high gain anrerrrm for the Cussini .~pace-
ctaft  [s a lightweight, large surjace area structural elemr?tr,
ond [hcrcforc it.t dynamic charac~eristics  arc noticeably
ahered by air mnrs effecrs. The virtuu[ jluid  mass approach
c/s implcmeuted in MSC/NASTAWV  .vuccessfuliy  accouws for
lower flotural frequencies obsewed  r% viiwaliwr testing.
~rnvever,  direct uddition of air mass to [he structl(ra[  mfl.qs
molrix  during c o u p l e d  l o a d s  anuly.sis with the Ti-
tun lV/Cetiraur launch vehicle would give rise 10 unrtw -
.sonably high staric Iouding cm rhe antenna. A correction to
die air mass matrix waf  necessary to occount propfrly  for
rhc.fact that the bulk of air in the payload jtiirin.g i.r acceler-
olcd by the launch vehicle, not by the spacccrafr.  This cor-
rection was applied in u munner rhat allowed a tradi[ionul
Craig-Bumptr.m  modei  of the spacecraf t  to be devrlopcd.
O[her than the air mass correction, no ciranpex to the usual. .
coupled feuds ancdys[s methodology were required
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1. INTRODUCTION

‘Me Cassini  spacecraft (Figure 1) will be launched on Otto.
ber 6, 1997, on a Titan IV/Centaur launch vehicle. and will
rc.ach Saturn in the ye.nr 2004. Cassini is by kr the largest
interplanetary spacecraft rsver  developed, with ir total launch
mass of 5600 kg. Prc~pellants account for more than 3100 kg
of this  total.

The High Gain Antenna (HGA)  al [he top of the spacecraft
will provide the primary communication link to the sprtce-
craft  over [he 1.4 billion km dis[anc~ between 12r_rrh  nnd Sa[-
urn. The HGA, which was developed for the Cassini  mission
by the Italian Space Agency, is a ti xed dish with a diameter
of 4 m, The antenna  structure utilizes carbon  tibcr  rein-
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Figure  1. Cassini  spacecraft launch  configuration.
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forced plate on an aluminum honeycomb core, resulting in a
very small Jrtass for such a large anterm. The total mass of
the an[enrm smd related hardware is approximately 105 kg.

This ccmbjnaticjn  of]ownl~s  and]~ge  surface ~ea makes
[he Crtssini  HGA susceptible to air loading effects  during
p,rOund  testing rmd during launch. The first indicwion that
air loading was imp~>rtant came during  sine vi bra[ion  tests on
lhe engineering model, when the fund.mrcntal  natural fre-
quency of the antenna was measured approximately 10%
lower  than predicted,

For a str-uc[ure  such as the Cwjsini  HGA, lhe primary effect
of the surrounding air is to add mrrss  [o the surface of the
antenna  Some amoun[  of nir surrounding the anrenna  must
be accelerated along with the structure, and this results in the
added mass  effect. As a result, the natural frequencies of the.
amenna  in air tend to be lower thrm in vacuum. The tiir mass
effect  is strongest on global modes of the structure, since a
g,reotcr quantity of air must be accelerated. The higher order
modes are only slightly  affected. Rough assessment of the
air maw. confirmed that it could account for the obserwxl
frequency drop.

It is important to qllanlify  air mass effects properly, so [hat
the dynamic ]ortds  on the antenna  can he predicted, Ulti-
mately. antenna loads arc estimated by performing a coupled
response analysis of the combined launch  vehicle, upper
stage,  and spacecraft under static  and transient loading. An
understanding of the effec[ of air is necessary even for dy-
namic events lnte in the launch  sequence (when no air is pre-
sent),  since the mode] must bc appropriately changed from
the g,round [est configuration.

“~his paper  describes the method trl[imatcly  used to quantify
these effecrs on the Cnssini  HGA. Since the calculation of
air rrmss hns been documtntcd in previous work, that aspect
of the work is not detailed hereirl.  Instead, this paper con-
centrates on the method of application of the added  mass to
the dynamic model  of the spacecraft. It was discovered that
u correction to [he added  mass wtis  ncccssary to avoid inap-
propriate sIntic  loading  on the antenna. The correction was
applied in such a wuy that the dynamic model  could bc
lretite.d  normally for coupled analysis by the launch vehicle
con bactor,

2. VIRTUAL FLUlll  MASS APPROACH

‘fhe virtual fluid mass  method in MSC/lJASTRAN  ( I ] was
developed  to account for structures immersed  in fluids, such
us ships. Tht formulation msumcs  the tluid  is incompressi-
ble, and involves distributing point  sources appropriate [o [he
finite element  mesh of the wetted portion of the surface. The
virtual mass  gc,rmration  module  produces a mass  matrix cor-
responding to the wetted degrees of freedom, T’his air mass
matrix is fully populated, tmcl is added to the structural nmss
matrix prior to eigenvfilue  solution.
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Tests  performed in a vacuum chamber by Hughes Aircraft
Comptiny  on the Intelsat  W C-Band transmit reflector (2]
established that even with the assumption of incompressibi-
lity, the virtual fluid mass formulation in MSC/NASTR,4N
accurately accuunted  for ~he natural frequency shifts ob-
scwved in the actual structure, Since the Intelstit  reflector was
structurally very similar to the Crtssini  HGA, [he same ap.
pronch  was used with confidence for this application, The
air mcr.iium  was taken as infinite in extent, and both sides of
the elements were wetted.

The air mass  msrtrix generated by MSCYNASTRAN  totaled
approximately 33 kg of added mrss in the vertical direc[ion,
and only 2 kg of’ added mass in the lateral direction (due to
the orientation of the antenna surface). The air maw is dis-
tributed across the surface of rhe reflector, and is fully
popula[ed (i.e., there is mass coupling between rdl surface
degrees of freedom). Table 1 shows the effect that  the air
mass rnstrix  has on Ihe first [wclve natural frequencies of the
antenna.

~ 1, HGA nautrrd frequencies in vacuum and in air.

Mode
1
2
3
4
5
6
7
t+
9
10
11

Frequ:
Vacuum

39.42
40.00
49.08
50.13
54.71
55.42
56.99
58,36
62.55
64,28
-75.7 I

12 I 76.03- .

y (Hz)
] Atm
36,19
36.68
47ss
48.53
51.53
55.14
56.74
57<92
02,54
64.07
70.74
71,01—. .— ..—

Percent
Difference

-8.2
-s.3
-3.1
-3.2
.5.8
-0,5
-0.4
-0.7
0.0
.0.3
-6.6
-6.6

Becrsuse the Cmsini  finite element model has been devel-
oped in UAVNASTRAN,  some extra effort was neccssiwy to
achicvc  the same result, UAI/NASTRAN has no viltual
fluid mass capability, so the air mass matrix computed in
MSC/NASTRAN  (using the HGA submodel  only)  was writ-
ten to DMIG cards for inclusion in the UAI./f+JASTRAh7  data
deck, These mass [erms were then added directly to the
structural mass during matrix generation, Becmrse  the air
mass matrix is full, the resulting card deck was substantial.
To minimize the size of the air mass matrix, tho virtual mass
calculation was performed with only the main reflector dish
clcnwnts  wetted, The frequencies resulting  fl-om  the full
application rmd partial  applictitit>n of air nmss  were found to
be accepmbly close.

TtIe virtual mass  comput~[ion was done with the air density
set to its value at one ntmospherc. Since the air mass  mntrix
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is proportiormi  to the density of the fluid,  the same matrix the grid points, but to [heir accclemrions  relative to the nc-
could  be used for rrny desired density, simply by multiplying celera[ion  of the bulk of air, Thus the kinetic crrcrgy of the
byascale  factor, This u~mrrccomplishcd  byasimplealter(o nir would be
the solution seqwence  where Ihe [u1l mass matrix is assem-
bled as the sum of the structural mass and the air mass,

v=% -’JT[%l~+J (2)

3. APPLICATION TO LAUNCH ENVIRONMENT
{ }where ;L, is th~ velocity of the bulk of air at ~he grid

The direct wldi[ion of the air muss matrix  tn the structural poin[s of’ the model,  The bulk  of air should rncwe along  wi[h
mrrss matrix properly accounts for the changes to the natural the payload fairing.  “f’he  most correct way to do this  would
frcqucncics  and the. mode shapes of the antenna when sur- be to use the rigid budy modes of the coupled dynamic sys-
ruunded  by air. However, it is not hard to see that this rJp- (cm to ctcrivc the quasi-static motion of the air. Howcvcr.
preach is nor en[ire]y  accurn[e for modeling the launch envi- such a formulation would require modification trr the sttm-
romne))t, dmd coupled loads processing, M a substantial cost and risk,

Imagine lhc cmtirc lm.rnch vehicle undergoing static accelera-
Instead, we will assume [he bulk of air moves  together with

tion of’ 1 g in the axial di[ection,  The ontenna support struc -
the average rigid body motion of the Cawini/Centaur  inter-

ture must carry the 10S kg weight  of [he antennn,  but the air face, This assumption, while not perfectly accurate,  has the

inside Ihe fairing  should not add mry load m the antenna, benefr( of allowing the problem to be forrnulrm,d  entirely

Under steady accclcraticm, the air will reach equilibrium, and
with spacecraft I) OF, anti therefore the correction can bc

kc pressure cm both sides of the onte.nna  surface will crmcel. done withjn the spacecraft model itself,

With the ajr mass added to the an[ennn surface DOF. how.
{ }The. bulk nir rigid body motion r$ can be writ!en Mever, dle finite elemen[  model will MM the 33 kg of air ma$s

IO the sm[enna  structural mass, resulting in additional struc-
[urtd loads. This load is actually carried by the paylofid {,,}= [R,, I{%}. (3)
ftiiring,  which is accelerating all of the enclosed air. Clearly.
simple matrix addition does not adequately accotrnt for stiitic { }where Xb is an imagined 6-DOF grid point  whose dis-
loacling effects, pl~cement describes the position of the bulk of air. The col-
“Ilc? refison  for the static loading error lies in the basic for- un~ns of [Rch ] are the 6 rigid body displactmcn~ vectors ~{t
rnultition  of the equation of motion involving the ak mass,

“

Proper formulation resulrs  in a correction to the air nmss
the grid points of the mm!cl resulting from motion nt the ref-

matrix as explained in Ihe following section,
crcnce point. The rntitrix [Rcb] is easily derived frcun ge-

ometry of the model, Based  on the tissum~tion  that the bulk

4, AIR MASS MATRIX STATIC CORRECT’1ON
of nir moves wi[h the Cassini/Ccntmrr  interface. we can fur-

{ }ther express xh

Direct addition of the t]ir mass matrix to the structural mass
in terms of the disphrcemerns  of the

matrix is appropriate Icrr forced Iesponse  problems in which Cassini/Cenrrrur  in[erffice  degrees of i’rccdorn,  {xr }:
the. air medium is not accclcratin~.  In such a CWZ, the kinetic
enc.rgy of the air is {x,}= [R~R,]-’[R~]T{x}=[  Th,]{x} ‘4 )

v=- + {xg}T[Jf;j ]{~t) ‘ (1) l’his  hxt-squiires  solution is identical to the formulation of
the RBE3 element in MSC/NASTRAN, NOW if we merge

{}where i~ is the velocity of the degrees of freedom of the [1~he columns of Tbr with zeros for the re.rnaining  degrees d’

[model, and M :U 1 is the air maw mrttrix computed from the frtwlom, wt can wrik

virtual fluid’mass  ‘formukion.  When equation ( 1 ) is added {%}=[LJ{X.C} (5)
[O the kinetic energy from the structural mass mtitrix,  the

[1rrxult  is that the air mass matrix M~F gets clircwtly  added where
. .

to the strt]crurrrl mass makix, [d=h Obf 1 (6)
This formulation is not valid  in the launch  environmcrrt,  as
discussed in the previous section, The correct formulation (The subscript f represents tdl non-interface IX)F.) Inwrting
can be derived  by noting that the forces of the air on the equation (5) into equarion (3) then gives
s[ructure. arc proportional not to the nhsolutc  accckrations  of’
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{r#}=[%bTd{x8]- (7)

Thus the bulk air mo[ion  fi[ each surface degree of’ freedom is
now exprcssc.d in terms of the displacements of the structural
degrees of freedom, Returning to cqumio n(2), the kinetic
energy of ~he air crm now bc expressed as

‘-:-{ 3} T[%J%I, (8)

where

[ 1The corrected air mass matrix fi :x takes  the place of the

original air mass matrix  in [he equations of motion. This
correction is applied [o the air mass  matrix prior to adding it
[o [he strwcturtil  mass mtrtri  x, and eliminates the static over-
loading e,rror, After the correcte{i air mass matrix is incorpo-
rated, [he, model  can be processed in the usual  wuy to prcpmc
for coupled loads  analysis. Fur Cawini,  a Craig-llampton
compontnt mode] of the spacecraft was prepared and deliv-
ered to the limnch vehicle contractor for the final pre-h-runch
coupled 10wIs  analysis, The mass  matrix correction was irr -
corporated  in the Craig-Bampton  DMAP program.

Or-m feature of the air maw correction of’ eqrratjon  (9) that is
not imnwdiately  obvious is that [he partition of rhe marrix
associated with non-interface DOF (the ~-set) renmins  un-
changed. As a result, the csm!ilevered  frequencies and mode
shapes  of the spticecratl  are the same with or without the
correction. The correction does change terms in the inter-
face partition of the mass  matrix, which affect The coupling
of the spacecraft to ~he launch  vehicle.

5. SIMPLIFJED  EXAMPLE

A simplified example will help clarify how the above equa-
tions affecr the dynamics of a structure. The example con-
sists of rI single degree of freedom mass on rr spring, which is
excited by base. motion. The mass is imagined to bc a flat
disk which is immerstxl  in air. Figure  2 illustrates the two
cases  to hc considered. On the. left side of the figure
(case I), the base motion and mass motion are assumed to
rake place in unmoving air, In this case, d~e air mass forces
are proportional to the absolute acceleration of the mass, On
the ri~ht  side of the figure  (case 2.), [he air is driven along
with the b~se, and the air mass forces are proportional to the
relarive.  acceleration of the mass.

TO l&lE1393115G P.012/EI14

bsc  1: Still  Air
——

Case ~ Air hfovm with f3wc

g? B::
,:

Pifjurc  2. Simplified air mass  extimplc.
-. — .

In both cases, let x, bc the displacement of the brrse, mrd X2

be the displacement of lhe disk. I-et m~ be the virtual  mass
(J the air acting on the disk,

In case 1, the equation of motion is

_I”his cm hc readily sol~ed in tie frequency domain  to Ob[fiin
the lctrrtion force k(xz - xl ) in rhe spring, for a given brse
mcelera[ion:

k(x2(6))-  x,((l)) )2=
– 0):

= ( m + m U ) - — - - ‘“2- Xf((0), (11)
–to  2 + Zi<o)oo) + 0]0

where

i

kfJo 22 -.— —
; < =—-= –7m + me

(12)
2~k(m+-m,l)

Thus, as expected, the. effect of rhe air mass Icrm m,, under
normfil  circumstances (case 1 ) is both to lower rhe natural
frequency of the system and to increase. the loading on d~e
spring.

Now consider the second case. which is more represen~mive
of [he. launch condi[ion, The equatiuns  in the previous scu-
tion can be applied cmily, and have the t’ollowing results
(Ict[ing  xl be the bow rcfcrcmcc):

[R,@].

(13)

(14)

(15)
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Thus the equation of motion for case 2 is as follows;

C ‘:1{2}={0 ‘“)
No[ice that  the lower right pwtititm  of the matrices are iden-
ticalt(~equatir>n  (l{)). The correction changes rhe coupling
ofthc hrseto  the mass,  while leaving the fixe,d-brrse dynam.
ics unchanged, Solving equmion(19)in  the frequency do-
main t’orthe sptingreaction  force gives

4X2(0)) - xl (m))=

w h e r e  CI)U and ~ arc idcntic:d to their  values in equa-
[ion (12) ~or case 1.

Comparing equrrtions  (11) and (2.0), it can be seen that in
case 2 the air mass shifts  [he, frequency of the systcm exactly
as it does in case  1, bo[ [hrrt the reaction force is multiplied
only by [he structural mnss,  This is true both for quasi. static
accelerations (o) + O ) rmd at resonance, because in case 2
the base does the work of accelemr[ing the bulk of the air.

Note that the distinction between the two cases applies only
to base excitrrtion,  If the base is fixed rutd e,xcimtion  is ap-
plied d irecd y to the mass,  then both equations of motion are
[he same. and there.fme give the same result.

A final observation can be made regrinding the reaction force
at the base, In equation (10) for case 1, the lower partition
shows that the reaction force J at [he. base is equal  to the
spring force k (xz - xl) plus the damper force, In eqtra-
tion ( 19) for cast 2, however, there is an additional term
mu (~1 – ,Y2 ) which MIds to the intcrkrcc  force, This means

that in this formulation, the additional mass m,, , While  not
trurrsmit(ed  through The structure, is s~i]l  passed through  the
interface. For the Cassini  HCtA,  this merrns that the air maw
adds static  load to the Cen!aur  upper  stage,  but not the
Cassini smc[ure.  This is a diIect conscqucnrx  of the as-
sumption that the bulk of air moves  with the in[cti”acc. This
load should  really be carried  by the frtiring, Even SO, the

impact of [his approximation on Centaur loads should  be
neglitrible,  comparing the 33 kg air mrws to the 5600 kg mass
of the full spacecraft,

6. PREDICTED EFFECT ON HGA LOADS

Three different versiuns  of the HGA model were ctutcd  to
demonstrate the effect of air mass and the air mtrss  corrccticm
on loads. The tirst  model was for [he antenna in a vacuum,
with no tiir mass at all, The second version was with air
maw at I atmosphere. with the correction appliecl as de-
sclibcd in section 4, The third  version was with the. 1 a[-
mcrspere air mass mrmix directly ridded to the structural mass
matrix without correction.

For each case, the tintcmna support bipeds were fixed m a
ground  reference, and the system was driven by sinusoidal
ground r-notion in the X, Y, and Z directions separately. The
summed rerrction forces in the support bipeds were recov-
ered at each frequency in the excitation direction. This is the
“appwcn[ Imss” of the antenna on its bipeds. The results for
ench of the rhrec dircctirms  as a function of excitation fre-
quency  ssre shown in Figures 3 through 5,

Thu plots  show the frequency shifts that occur  bctwccn  the
vticuum and 1 atnlosphere  models. E.vcn the fundamental
late.ral  modes (X and Y directions) arc shifted, because of the
dish molion  associated with the lateral modes,

Vely little.  difference crm be seen bctwccrr the corrected and
uncorrected results in the lateral  direction, beeause  the lateral
air moss  is sn small.  However, the effect of the corre, clion is
clearly visible in the vertical direction (Pigurc  5). The un-
cor[ectcd  model produced higher loads  at low Iiequerscies,
corresponding to the 33 kg of air mass, This demonstrates
thilt the mass correction successfully removes the quasi-static
hurdirrg of the air mass,

At the SO Hz resonance in Figure 5, the corrected model
prclduces a load comparable to that of’ the vacuum model at
its corresponding 88 Hz resonance, The uncorrected model
shows a higher loading EN resonance, although, the corrected
and uncorrected models have the same natural  frequency.
This means rhat the added air mass does not inherently in-
crease  rhe loads  in the ;+ntcnna at resonance, the way a sim-
ple lumped mass adrJitiort would. These features are consis-
tent with thti  simplified example.

Btiscd on this study, the net etlect  of !he air mass is expected
to bc limited tc] J shift  of the frequencies of the mennrr, wilh
no tendency 10 increase. the loading on th~ antdnna structure.
However, [he frequency shif[  itself  might cause increased
loads, due to adverse coupling with the rest of rhe sprrc.ecraft,
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Fi.gurc 3. Apparent mass  of HGA in X direction (lateral),
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Figure 4. Apparent mass  of HC+A in Y direction (Irxeml).
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Figure .5. Appxrent  massof’ FIGAin Zdirection  (vertical).
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7. STRATEGY FOR MULTIPLE LAUNCIIEJ’ENTS

Thcmethodology  described above nllowed thcproperinclu-
sion of air mms effects  in the Cassini  spacecraft dynanlic
model, However, the situation is somewhat complicated by
[he fact that the air density inside the payload frriring  is cmr-
tinually  decreasing during the launch. During the time of
critical aerodynamic loading (between 35 rind 60 seconds
after lif[off),  k air density falls from 72% to 38% of jrs
value rt[ Iif[off. Ccmpled loads analyses are performed for
[hree different time points during this critical launch phase.

In principle, each of [hese analyses w(~uld require the prepa-
ration of a different spacecraft model, because [he air mass
would be different at each time. These models  would be in
addirion to the Iiftoff  model (with 100% air density) and the
lavsr staging events  (with no air mass),

The decision was made to use n single spacecraf(  mode] for
all three aerodynamic loading events, with air densiry  set to
50% of liftoff. This compromise meant that “only” [hree
Craig-Bamplon  models  needed to be generated, A study was
performed to validate that the SO% model  was sufficiently
similar to the 38% and 72?4 models.

~. SUMNIARY

kcausc of its light weight and Iwge surtkx wc.u, the Cassini
HGA was susceptible to air mass effects, which dropped its
natural frequencies by up to 10%. Direc[ addition of air
mriss [o the .xructural  mass did not properly accoun[ for the
tru~ physics of the launch environment, however. A method
ws deveIoped to correc[  the air mass matrix  IO account  for
rhe fnct thrst  the payload fairing is accelerating rhe bulk of the
enclosed air. With this correction, the effect of air mass on
the antenna loads is limited to rI frequency shift, with no in-
herent increase in static loads or apparent mass at resonance.
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